Cell wall turnover was studied in cultures of Bacillus subtilis in which growth was inhibited by nutrient starvation or by the addition of antibiotics. Concomitantly, the synthesis of wall, as measured by the incorporation of radioactively labeled N-acetylglucosamine, was followed in some of these cultures. In potassium-or phosphate-starved cultures, growth stopped, but wall turnover continued at a rate slightly lower than that in the control cultures. Lysis of cells did not occur. In glucose-starved cultures, continued wall turnover caused lysis of cells, since wall synthesis apparently was inhibited. The same phenomenon was observed after growth arrest by the addition of wall synthesis inhibitors such as fosfomycin, cycloserine, penicillin G, and vancomycin. Growth arrest by the addition of chloramphenicol allowed the continuation of wall synthesis; therefore, the observed turnover generally did not cause cell lysis.
In a great variety of bacterial strains it has been shown that wall polymers are degraded and lost from the cell during growth (1, 3, 9, 11, 17, 23) . This phenomenon is generally designated as wall turnover. In a previous paper (6), we reported on wall turnover in exponentially growing batch and chemostat cultures of Bacillus subtilis subsp. niger WM. An analysis of the kinetics by which radioactively labeled wall material was lost from the cells has led to a quantitative description of wall turnover in this organism.
Wall turnover is the result of the hydrolytic action of wall-bound autolytic enzymes on peptidoglycan in the outer wall layer in B. subtilis (17, 18) . Little is known about the regulation of the autolysins in exponentially growing cells. Inhibition of these enzymes in the deeper, membranelocated wall layers may be effected by membraneous compounds such as phospholipids and lipoteichoic acid (5, 22) . Autolysin activity in the turnover-sensitive outer wall layers may be regulated only by the amount and activity of the enzymes produced by the cells; the presence of more subtle regulatory mechanisms, however, cannot be ruled out.
Obviously, the maintenance of a stable balance between the rates of wall synthesis and turnover is of great importance for the cell, to prevent an undue weakening of its supporting structures. This system is particularly tested when the rate of growth is lowered abruptly; in this case, an uneven slowing down of the rates of wall synthesis and turnover may result in lysis of the cells.
Lysis of bacilli during growth inhibition, however, occurs only when wall synthesis is directly affected, e.g., by the addition of wall-directed antibiotics (19) or by the omission of the carbon source from the medium (2) . Inhibition of protein (10) or RNA synthesis (16) generally does not result in lysis.
In the present report, we examined the response of the hydrolytic autolysin activity (wall turnover) together with the stability against lysis of B. subtilis subsp. niger WM towards an abrupt downward shift of the growth rate, which was caused either by starving the cells for essential nutrients or by adding antibiotics. Furthermore, the synthesis of wall polymers under these conditions was followed. Wall turnover was measured in the cultures by following the decrease in the amount of cell-bound radioactivity as described previously (6) . During some turnover measurements the concomitant wall synthesis was followed. In these experiments, cells filtered over a glass fiber filter (Whatman GF/A). The filter was washed twice with 1 ml of 5% trichloroacetic acid at 0°C, dried, and counted as described previously (6) .
The wall turnover parameters were calculated as described before (6 GlcNAc. After centrifugation, the cells were resuspended in imidazole-buffered medium lacking potassium and transferred to two flasks. Additions were (a) potassium and (b) potassium and fosfomycin. Cellular 3H label (0), 14C label (O), and E540 (0) were followed as described in the text. The initial radioactivity was 1.8 x 104 dpm/ml for 3H and 3.2 x 103 dpm/ ml for 14C. synthesis of peptidoglycan in this culture, as measured by the incorporation of differently labeled N-acetyl-glucosamine, is shown also in Fig. 1 .
Wall turnover in cultures growing in minimal media at considerably lower rates was measured on cells inoculated in these media after labeling in chemostat cultures. The use of chemostat cultures enabled the investigation of cells containing either teichoic acid (potassium limitation) or teichuronic acid (phosphate limitation) as the anionic polymer in their walls (14) . Moreover, cells with continuously labeled walls could be obtained by using a very low N-acetyl-glucosamine concentration in the medium, which would prevent aspecific incorporation of the precursor (4) and result in an evenly labeled culture. It was known from preliminary experiments that cells from chemostat cultures continue to grow withopt a lag after centrifugation and resuspension in imidazole-hydrochloride-buffered (pH 7.0), nonlimiting minimal medium. Exponential growth was observed for several hours at a rate slightly higher than that imposed on the culture in the chemostat. Wall turnover in such cultures of cells taken from potassiumlimited and from phosphate-limited chemostats proceeded with the same kinetics as seen in previous experiments, in which the cells were regrown in chemostats after the chase of the radioactive precursor (6) . Thus, pulse-labeled wall material was retained in the cells for approximately 1 generation time (Fig. 2a) , whereas continuously labeled wall was lost from the start of the chase at an increasing rate ( Fig. 2a and 3a ) according to the kinetics described earlier (6). In Fig. 2a it is clearly seen that the decrease of both pulse and continuous labels in the same culture attained similar first-order kinetics. Wall turnover stopped when the culture approached the end of the exponential growth phase (Fig. 1, 2a,   and 3a) .
The different turnover parameters of the vari- _,,^~~0 3 .5 h to a duplicate flask (dashed lines); (c) phosphate; (d) phosphate, glucose, and fosfomycin; (e) phosphate, glucose, and cycloserine; (f) phosphate, glucose, and penicillin G. Cellular radioactivity (0) and E540 (0) were followed as described in the text. The initial radioactivity was 1.9 x 104 dpm/ml in Fig. 3a and b, 7 .6 x 104 dpm/ml in Fig. 3c , e, and f, and 3.8 x 104 dpm/ml in Fig. 3d . ous batch cultures, as estimated by the method described in de Boer et al. (6) , are compiled in Table 1 (Fig. 3b) . Pulse labels were still lost only after a lag (6) , whereas continuously labeled wall material was released immediately from the start of the chase (Fig. 2b and 3b) . The fraction of the initially present radioactivity lost per hour was taken as a measure for the turnover rate in the inhibited cultures; this parameter should be compared with the value of K calculated from the experimental data of the growing control culture ( Table 1) . The values of the turnover rates found in the starved cultures are contained in Table 2 . The rate of wall turnover in the starved cells was hardly suppressed during the first hours of the experiment, notwithstanding the large depression of the increase of the optical density in those cultures. A large proportion (over 60%) of the wall material present at the start of the starvation period (represented by the continuous wall label) was released during the experiment, yet the cells did not lyse. This fact made the occurrence of wall synthesis in the starving cultures plausible, at a rate at least matching the rate of turnover. The readdition of the growthlimiting nutrient after a 3.5-h deprivation period resulted in growth of the cells without a lag; the loss of radioactive wall accelerated (Fig. 3b) .
Starvation for glucose. In cultures starved for the carbon source (glucose), presumably no wall synthesis was possible. These conditions approximated those often used for the assessment of the lytic activity of a culture ("incubation in a buffer"). The rate of lysis was not similar in the several incubations, but correlated with the rate of turnover exhibited by the growing control culture, which was a variable quantity in the different cultures (6, 7, 15) . The loss of wall material occurred during glucose starvation at a rate somewhat lower than that in the control culture (Table 2, Fig. 3c) .
Inhibition of wall synthesis. If wall synthesis was inhibited either at the cytoplasmic level (fosfomycin or cycloserine) or by preventing the incorporation of newly made peptidoglycan chains (penicillin G or vancomycin), lysis occurred with the antibiotic concentration used (Fig. 2b, 3d , 3e, 3f, and 4a). A small increase of the E540 preceded lysis in some cultures. Wall synthesis was severely inhibited after the addition of the antibiotic (Fig. 4a) ; however, during the initial increase of the E540 some label was incorporated. As was found with the glucosestarved cultures, lysis was more rapid and started after a shorter lag in cells for which a high turnover rate was found in the growing controls. The rate of wall turnover was only slightly lowered in the inhibited cultures (Table 2 , Fig.  4a ); no significant differences were found between cultures treated with fosfomycin, cycloserine, penicillin G, or vancomycin. Pulse and continuous wall labels were released at identical rates, the former only after a lag (Fig. 2b) . Inhibition of protein synthesis. During inhibition of protein synthesis, wall synthesis is still possible for some time in B. subtilis (10, 21) . We found in our cultures that, indeed, incorporation of new peptidoglycan precursors continued after the addition of chloramphenicol, but with a somewhat lower rate than in the control (Fig.  4b) . Generally, optical density increased slowly, and lysis occurred only after extended incubation. In some experiments, lysis was observed soon after the start of the chloramphenicol treatment ( (Fig. 3b) , it may be assumed that wall synthesis is adapted to the new growth rate in a coordinate fashion together with wall turnover. Under carbon-source starvation, however, the wall synthesis apparently was not adapted to the prevailing turnover rate, since extensive cell lysis occurred. Glaser and Lindsay (10) also examined some of the kinetics of cell wall turnover in B. subtilis 168. Using a labeling technique essentially identical to the one used by us, they showed that amino acid deprivation resulted in an adaptation of the turnover rate to the lowered growth rate. They generally found a faster adaptation rate than we found. However, the respective experiments are not entirely comparable, since we used phosphorus and potassium starvation and generally lower growth rates in the control cultures.
We obtained variable results when growth was inhibited with chloramphenicol. Generally, it is observed that inhibition of protein synthesis results in wall thickening (13) , although lysis in the presence of 50 pLg of chloramphenicol ml-' has been reported as well (20) . In our experiments, we found a correlation between the stability of the culture with respect to lysis after the addition of chloramphenicol and the rate of wall turnover. This rate has been shown to be rather variable between duplicate cultures (6, 7) . In cultures showing a high rate of turnover, cell lysis occurred during chloramphenicol treatment, whereas cultures exhibiting a low rate of wall turnover remained stable for many hours. Presumably, both wall synthesis and autolysin activities decline during the inhibition of protein synthesis by the lack of new enzyme synthesis, but not always in an equivalent way. Therefore, the final status of the culture (lysis or stable culture, eventually with cells showing wall thickening) will be determined by the ratio of decreases of these respective activities.
The incubation of B. subtilis cells in the presence of wall synthesis inhibitors stopped the incorporation of new wall precursors, but hardly influenced the rate of loss of old (labeled) wall material. As a consequence, cell lysis occurred. The loss of pulse-labeled wall (being the last wall material made by the cells) after a short lag also showed that the most-underneath wall layers had become susceptible to hydrolytic attack by the autolysins. In growing cells, newly made wall layers are resistant towards turnover, possibly because of the presence of membraneous compounds (phospholipids and lipoteichoic acids), which prevent hydrolytic activity of the autolytic enzymes (5, 22) . It was found in B. subtilis 168 that a rapid outflow of lipoteichoic acid occurs during incubation of the cells in the presence of penicillin G (12) , which might result in the exposure of the underlying wall layers to hydrolytic attack by the autolysins. Our experiments showed that from the moment of antibiotic addition on, only a small fraction of the radioactively labeled wall had to be released to effect total lysis of the culture. Thus, when synthesis of new wall material is inhibited by starvation or by antibiotic action, the continuation of wall turnover disturbs the painstaking (essential for balanced growth of bacilli) tuning of these processes and causes the cells to lyse.
